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SEEARING STRESS OF DUIMJJUMIN STRIP

ROUND , FLANGED HOLES*

By Karl Sch{ssler

This report presents the results of an investigation
to determine the behavior of duralumin striy with flanged
holes in the center when.subjected to sheat stresses.
They buckle under a certain load just as a flat sheet.
There is one optimum hole spacing a. (equat ion 4) and
one corresponding buckling load in s’hear

Plio ( equat ion
7) for each sheet width, sheet thick~ess, and flange form.
Comparison with nonflanged sheets revealed a marked in-
crease of buckling load in shear tine to the flanging and
a, slightly greater displacement. The stiffening effect of
flanging showed itself in a considerably higher buckling”
load for thin, wide strip than for the unweakened sheet.
Lastly, the displacement 6, under a 1 kg/mm (55.99 lb./
in.) load (equation 8) was determined. It is considerably

higher for the flanged sheet than for the unweakened sheet,
and slightly higher t’han for the unflanged sheet. Sheets
may not be stqessed beyond buckling load unless special
cross stiffeners are available to take up the load compo-
nent K -perpendicular to the direction of shear. The
sl.ear-displace-ment diagram (fig. 6) is substantially a ten-
sile stress-strain diagram above the Uuckling load. The
formulas developed for ao> Pko, and & are the results of

pure experimentation and may therefore become quite fau~ty
outside of the analyzed r~nge.

--—— --.——— -.——————.—.——- ———————-—...—--———-—————————.——

Xlluber das ~erha~te~ Ton Leicht~eta~l~lechstreifen mit

kreisrunden, randgebordelten Lochern bei Schukbea.n-
spruchung .“ Luftfahrtforschung, August 18, 1934,
pp. 74-85.
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. .INTROINJCTION ,

1-“A Ve’r.y-.fid-~til’ar‘structural. n’eniber‘in light-metal .a5r-
plane and airship design is the flat , thin metal strip
with lightening loles, the ‘e-dges of which are generally
flanged for reasons of stiffness.

.:-. . ...
The loads are, as a rule, no% taken up by the indi-

vidual sheet since it forms, with other sheets, corrugat-
ed skeets, rods, or angles X%h..”e”Xastic structure: such as
of a spar, compound spar of two or more spars, float
frame , airship girder, etc.
... .. ;.... ..“,”.. .“c, .. .“. .. .

“.-The-locaticni-of:tihe,forces relative to the elastic
axis tof the system ‘is -essent~al for. tihe type of stress, “,
The .forces”lying on a.:plane.”witih,”thisaxis simply set up
tension, Compression$, ..or-.hending in. the elastic structure,
whefeas ail others effect &n.:additive-.torsion. This
.stresses, apart from specific -cases,the individual sheets
in--shear;”: When the. f’orces are at great distance from the
elastic’axis, the shear may become so great as to make the
other- stresses negligible; that-is,..make it a case of sim-
plesliearing stress. .:

.. .....‘. ..”..
.jT~TATIO~t :,.. .

.: ,... ;,. “. . . .-.. . ,.... .. . ,
‘~” . . . ..... . - . .

a- “‘mm, hole spacing. . ~ ~ .
..-.... .1

so’”.- ‘t “ optimum hole spacing.
.. ..,: . i...

-.b’’ll~ ~tdth of sheei~ .
..t.- . .

.“’d.. .:41.. diameter<.of hole.

“J) .“ ““ diame%e”r”’.of“flanging.

E kg/mm2, Youngls modulus.

. .

G kg/mm? modulus of s’hear.

L mm length of sheet,

. .
P,, ,k+rs; .:&tie”aring:stress:.- “’-: “; ‘- ,.

.’.-.... ..- . .. .. . ,.. ... .

~k:.’”. “.buc~ling ‘~oa,.~‘in ~~~ea.”~~‘ “ “.” 1.-., .. ~
-——-——————-—___—_————————_—.————-——-——-.——--- L——-.-—-.-——..——... .

(kg/mm2 X i422.35 = lb. /sq. in.) (mn X 0.03937 = in. )

L - — .—— — — - - -- . --
,“ .-’ -,. ---------- ‘,”...-,._..:
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P~ “

P“ kg,

r m??l,

i s“ II ‘

v II

VIZ II
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Pko kg/mm,
%

value of a
b .: o“

fik value for smooth sheet.

shearing force.

distance of last hole from edge.

.
‘thickness of sheet.

displacement.

.displacement during buckling.

mm ,
“ ““8 “ “’--, displacement for P = 1 kg (2.20462 lb.).

‘kg,.
“..

61
~m mpl relative displacement for p =. 1 kg/mm.

kg ‘

p, 10-3 mm.

PREVIOUS SIZ!ZARIITVESTIGATIONS ON METAL STRIP

The behavior of infinitely long, flat strip in shear
is determined by calculation and the calculation is checked
by experiment. The sheet remains flat at first and the
disykcenent v is proportional to the shear load -p:

pll
Q

‘G-;..

where 1 = width, s = gage of sheet, and G = shear ~.odu-
lus of the structural Inatei*iale

UpOil reaching a certain shear load uniform corruga-
tions or waves are forr~ed whit’h at first run at about 45°
in the direction of shear, and v, rather than remaining
~~oportional to p, now increases; the sheet buckles (fig.
L) ●

Bryan, Lilly, Tinoschenko, and Ritz (references 1 to
5) have developed a.-omroxinations for co~puting the b7~cl~-

ling stress in shea~”and the spacing of the wriiizles ~,
while Southw.ell and Skan (reference 6) found the rigorous
nat7hematical solutio~a. As with the conpressioa nenber, it
results iil an infinite series of load values at .’whi.chthe

1

. . . . . . —.. --..—. . . . . . . . . . . . . . ..—. ,.. . . . . . . . . . . .)
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flat sheet stressed in shear i.sunstable; that is, buckle s..
The lowest and therefore decisive value is:

.“

88.’7 3 53
P~ = ‘-- ————- .—

)1
12 (1 - (:’2 1?

I_ . .

(2)

where E = Young*s modulus and m = Poisson~s ratio of the
material. The corresponding wave length is:

.
k = 1.6 b (2a)

These mathematical results were checked against buck-
ling:in shear ,experiments, With shear distributed uiiiforr~-
ly aldng Whole ’skeet length L, the shetii force P and L

give y = ~ or, if two identical sheets are stressed

concwrently,

P
P = z .“”

(3a)

But with finite sheet length p-. nust drop to zero
at the free ends; that is, it cannot”be constant across
L. The last elements at the free ends cannot transmit
the shear forces to adjacent elements; i.e., they must be
shear free~

According to Cokerls experiments below the buckling
limit (reference 7), sheets which are very long in compar-
ison with their widtqh manifest a shear loa& p! which is
practically constant across the whole length and only drop
on a short piece at the edge. In approximation we may as-
sume ?2= O on two end strips of leagth b/4 and con-
stant on the intermediate piece of length L - ~11=

.
L“ 0.5 b, This gives p = ~–~~~~, ‘or for two identi-

. . . .

cal sheets!

P
2?.= ~L—-—~

(3b)

‘

The buckling tests in shear made by 3ollenrath (refer-
ence 8) gave a buckling load in shear of about 43 percent

\ according to (.3a), and of about 37 percent, according to
{3b) below the. theoretical value computed according to. (2)./

.Zv.en the wave -length-v.a$ied:f.ro.u”.th,e.:tke.ore$igal.value ,
.: h’= .-1-.6b (2,a),jasreraging.1.w94..,bz. .“..-.:., . “

!
,. .— —-. --- . -—= .

..
. -—,, —— .,

. .
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,,.- -,: :-----
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Mathar (reference 9) explained these discrepancies
as follows: The shear force is not evenly distributed
over the whole length of the cla~ping strips, but intro-
duces only at one or two places. The elastic strips must
take up tho shear forcos anti become elongated. The dis-
placement and through it the sh.car load p is, as a re-
sul.-t,.high,erat the points contiguous to the applied load
than .f.arther away. On the other hand, buckling’ is contin-
gent upon the maximum value of p, bccausc as soon as p

. exceeds ..-pku (equation 2) at any place, %uckling mast oc-
cur. Owing to favorable, i.e., relatively rigid fixation,
Mathar obtained buckling figures which are only 5 percent
below pLw, and a wave spacing of 1.6 b, that is? corre-

s-po-ndingto the theoretical figure (equation 2a).

Seydel (reference 10) andlyzed flat, rectangular
plates with stiffeners parallel to the edges and adduced
an ex3.mple of transversely riveted angle stiffe-ners.

Schmieden (reference 11) computed very thin, infinite-
ly long sheets with superposed, closely spaced small cross
stiffeners, to mhich lo~gitu.dinal stiffeners may be added.
The mathematical accuracy of his fornulas is dependent up-
on all very small quantities becoming infinitely small.

Ilergmann and Reissner (reference 12) approximated cor-
rugated sheets with corrugations parallel or perpendicular
to the direction cf shear as flat plates with varying bend-
ing stiffness in the two mutually perpendicular directions.

Jennissen (reference 13) experimented on corrugateti
plates divided by brackets in separate panels. He devel-
oped an approximative method for their calculation and ob-
tained a close agreement ‘between experim~at and theory.
The problem of sheets weakened by holes has equally been
attacked.

Hirota (reference 14) calculated. the stress attitude
prior to buckling in an infinitely long metal strip with
a ‘hole in the center when stressed in shear.

Mathat (reference 9) determined experimentally the
Imckling load of’ strip with round holes evenly spaced over
the center line. He found that holes of d = 70 spaced

= 140 mm, reduced the buckli.~g load i~ a duralumin strip
;= 0.’7 mm, b = 110 mm) by about 50 percent while raising
v by nearly 110 percent.

. ... ------- . .. . .. ..... . . ..-— -..
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?.. . . .

::.Thje.pre,s”ent experiments’! me~-e pr”in”~rily intended to as-
cer,t.a.i.n;whe,$%er .it would be possible’~o stiffen a sheet
vre.aken.ed...b,-,holes. w,ith fla’nging the holesl edges enough to
as=u~e a.-bucckling load pk “approaching or even exceeding
tha.bucklinq vaiue 6f the”&weakened strip.. PICU (equat ion,.21)*-: ::,;:,.:-

.. ::... . . .. .. . . -., ..-.
.. .... : :“-,-:.

. .
EXPFJUMIZiTTAL;S3T-UP

. . , - ,. . . . . -.
.. .. .

.. . . .. . . .. .. . .,
,.+. ..kb.eexperimental arrangement is that developed from
l.!~~kr!s,.+nd J.ennisseu~s tests. It is shown in figure 2.

Two identical strips are clamped between two station-
ary end rails and one sliding center rail at which the
shear is applied. lTaturally the fixed spacing of the side
rails produces minor additive tension perpendicular to the
diyection of shear with the displacement which, however,

may be disregarded with respect to t-he shearing stresses;
with a = atigle of displacement the width b should dimin-
ish to b cos ct. As a remained consistently below 0° 201
up to buc~ling, the additive tensile stress could. at the
most reach (1 - Cos 0° 20~) x; that is,

. ?’,500 = 0.225 kg/~m2,
(1 - 0.99997) x

while in general it amounted to on-
ly a fraction of this figare because a is mostly. consid-
erably lower. ‘ ,.,

. .

The force ‘was measured with a tension stirrup u; to”:
20 t (point 1, fig. 2) and a compression dynanoneter up to
10 t for high loads in isolated tests (point 2,,,fig. 2).
The possible error for the tensiometer was *8 “kg. As Pi<,
the buckling load in shear, is 2 500 kg in-all tests,

this error amounts to ~ ~, that is ‘S 1..6 percent.

with compression gage added, the possible error is
+ 7 kg higher for instrument friction and error in reading
as well as +19 kg for eac’h 1° C. temperature rise caused
by the expansion of t-he mercury in the dynamometer. With-
out temperature correction this error is below S38 kg cor-
responding to 2° C., with correction +9.5 kg or equivalent
to 0.5° C. temperature error in the.pressure recorder,: The
total instrumental error is therefore 7+38= 45 kg “in

the first, and 7 -1-9.5 = 16.5 kg in the second case’.”
The total. error in shea,r is under” tile most adverse cohdi-
tioas, 8+45= 53 kg without, and 8 .+ 16.5 = 24.5 kg
~:ith temperature correction.

.
Compared to only 8 kg with-

out compression gage, these errors are high, for which
reason the neasurenents weze as a whole nade only with the
tensiometer. ‘
----------------------------------------------------
(t (tO~) X 2204,62 = lb-)

i__ - .y,- —.—----- ------- . . .
., :.- ,~...,, -, .:,. ‘. .”-, ,.. .,-

.. ... .“,, . . ... . .“
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The displacement was recorded with
gage (point 3, fig. 2). As a check, we
mirror instrwaent in some tests (points

the Zeiss dial
used the Martens
4a and 4b in fig.

2) ● The dial gage admits of an error in reading of 0.001
mm. The displacement at the point of collapse vk was
alvays z 0.074 mn, so the perceiltage of error was always
g 0.001—-—-. =

0.0?4
1.4 percent.

The error due to elongation of the center rail vhich
transmits the shearing force is also small. Working with
the tensioaeter alone (most unfavorable ca,se) slid assuming

P to be constant over the whole length L, the force to
be transmitted by the center rail from the beginning to
the end of the strip drops linearly from P to zero; it
averages 005 P. The corresponding mean stress is CTm=
0.5 P=0.5P-——. —————

~ 23H’
where 3 and E represent the width and

height of the upper and lower half of the center rail.
Owii~g to this stress the rails have a total elongation of

(TL
8 ‘ –~~– = ;y& ● With a displacement v for a perti-

Zle:!-ltP, the relative discrepancy” in displacement and
consequently that of its proportional shear load p amounts
at the most to:

/3 005 P L 0.5 L P— = ———..—.— = ——-———— - ,
v 2BHEV 2 BHE V “

~ is maximum for strip 33: % = 3,.000 kg; V7E = 0.162 nm.
v
Therefore,

8 005 x 1192 3000—= x-—-——————.———_ —-——- = 0.051 = “5.1 perce%t.
v 2 X 160 X 32 X 21000 0.162

This discrepancy between naxiinun-and ninimun p corresponds
to ‘a difference of about +3 percent from the nean value.

In the most unfavorable case the total error equals
the sum of the individual quotas:

~ 1.’6 +,.1.4 + 3 = 6 ~ercent.‘total. .: , ..,

The buckling was also.determined separately from the
wri’dkles which caused tke image of a cross in the sheet to
bccoa~ distorted. .. . ., . . .

. . .. :.,
,.

—. .. -—.., .- ... .. .-. ..- .-.-—. . . .
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GIEK!KM.LRESULT 03’ IWCKLING TESTS

The sanples were duralunin 631~ of the D~ren Nq~all-
werk”e., in strips of 2500 X 500 mm length and of 004,. 0..5~
~0..6,and 0.8 mm thickness. Its Youngts modultis was E.=
7’,500 kg/mm2, with a shear modulus of G = 2,900 kg/mm2.

Aside from several flat strips and one perforated
stri~ wit-bout flanging, the rest all had flanged holes - .
each- pail of strips having the same hole diameter, spat- ‘
in-g,’and type of flanging.
. . . .

The flanging .was leveled. The form is stiown in fig-
ure”s 3 and 4 along with the male and female dies. The
bevel angle was made the same as the friction angle”witli
grease. lubrication to allow smooth removal of the male die
after flanging operation.

. .

The preparation of the samples was effected with great
care. They were cut out to the correct length and width
and; if ‘necessary straightened. The holes were drilled to

1/10 diameter (centering fiole) and then cut out with a cut-
ting tool”. The flanging operation consistqd.iof pushing
‘with male and female dies (fig. 4).

We investigated the effect of:

1. Strip width, b.

.: 2a Strip thickness, s.

3. Diameter of flanging, D.

. . A-* Depth of flanging. T“his may be changed for given
flanging form by means of the cut-out hole di-
aneter, d: flanging depth S 0,5 (D - d).

5. Hole distance, a.

The flanged strip behaved the same as the flat strip
under s’hearing stress. Up to a certain load stage, the
strip remained flat, the shearing force P is proportion-
al to the displacement v. The distance of the wrinkles
equals the hole spactng a. The test points deviate si-
multaneously from the previous str,aight line and follow a
new straight line after a few points (fiq. 6). The center
of the two straights was taken as the buckling point of

. .._.— _ .—...-.— .—-—--- -
,. -. ~“.. - :-’<’““.:.”:’’:-”..=?“’ , ‘ .:? .,- ‘h.. - ___ _- -–- .- .-..,.
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the strip. T?ith fl~rtlier stress the curve deviates from
the ‘str~igl~t line becau’se.ih:e yield point is soon cxceedcd
as a r?s~lt of the great dcforuo.tion of tx.c buclkled strip.
Figure ‘7 shows a curve with several unloading. This graph
is valid..o~ly for constal~t strip width % uadcr load as in
the yresent .cxpcrimcnts. The shearil~g force S before
buckling (fig. 8, left) a~su~led divtded in tension Z- and
compression D consists, ‘after the strip b-ockled with re-
s~ect to c~n~ressicn D (fig. 8, right of 3 -vllich,anal-
ogous t.o the buckled compression member, rens.im practically
constant) , of tension Z aad a new component E perpendic-
ular to the direc’~.ion of: shear. Z anti E grow in the sane
proporti-ons as’ .S., ‘In relation with Z and therefore S
the extension of the visualized tension ne~bers and through
then the displacement v, is yro~crtional to the elonga-
tion due t.o z. Figure ‘7is tl’.ercfore essentie.lly a strcss-
s%rain diagran. The E conponent in the present experi-
ments is taken up by the clanpiug rails. In practical
erasesy however, a stress abo~o the buckling limit is pos-
sible only m-nen tllcre are s~ecial cross stiffeners tc ta~~e
up K. In sinple strips ‘th& two longitudinal edges ccno
consistently closer to~cther %ecause of K; the strip is
destroyed in the present cxpcriae:lts through tearing cf
the flanged Gdges. Figure 9 shows a severely defornod,
torn strip. The dcforrmtion, considerably nagnified, is
the sa.nc as immediately after buckling (fig. 5).

The majority of tests was made with strip lengths of
L !2 1,192 mm. The buckling force in shear of the flanged
strip Pk should be assu~-ed proportional to the strip
lenCth, as shown in figure 10. The buckling load in shear
p~,: is defined from the buc?cli~.g force in shear P~ and

strip length L accordii~g to (3a):

(3)

The figures in fi=gure 10 a~e those of table I for
strip 1’7 to 19, 41 to 45, and 47. The displacement in
buckling vk (in, mn) is for identical s’beets of varying
length, naturally almays the same, because the sheet con-
sists of identical str’ips-of length a wl-ic’h,regardless
of their nu.nber, are identically distorted-

The effect of the
.,,

flange ~ept’~ is su-oordinate as seer.
fron table I, sheets Nos. 43 to 45. P~ remains constant
within wide limits mith increasing d, that is, decreas-

.- .. . . . _—.

(
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ing flange depth 0.5 (D - d) , while
‘k shows a slight

increase for smaller flange depth. The explanation for
this behavior is that fo~ deflection perpendicular to the
plane of the slie~t, that is, for buckling, the flanged

- hole should be considered as rigid relative to the she~t,
as soon as the flanging has reached a certain minimum
de~th. By’ the same argument, not the flanged t~ole “out
‘rather the part of the sheet which remained flat, is the
decisive factor for %Iie buckling load since it remains
the same in any case when d is changed. On the other
hand, the flanging is nore readily bent in the direction
of the plaue of the sheet than the unwealcened, flat part
of the sheet. Consequently, a deeper - that is~ strongor -
flanging assures less displacement for identical load. Pl~
i-s essc-ntially more inportant for the designer than v .

“ But any improvement in the flanging can only involve
k

a-n ~mproveacint of ‘k i not of P~ > beca,uso
‘k

is gov-

erned by the flat part of t~o sheet. I’n gcnoral, the form
of flanging is t%.crefore subordinate when it has a certain
minimum stiffness perpendicular to the piano of the sheet
only with given D. Logicallx, D only needed to bo
changed, %u.t not d.

T5e flanging omeration increases the perimeter of thf3
hole-from l-rd to ;D,, and it is necessary to assure that

the resulting unit elongation a-@–l_Q = [~ - 1) does‘rrd
:iot exceed the ultimates because the edges would tear oth-
erwise. Saall irregularities on the edge of tho hole act
as notcl.es very favorable for tearing. With smoothly cut
holes flange tearitig can he safely avoided in the kind of
material and the shape of flanging used here when d 2?
0.85 D.

Figu?e 11 shows the effect of hole spacing a versus
buckling load Pk. The curves have a distinct maximum
for comparatively saall a, which lies above or below the
s’hear load in Ixzclkling of the u-nweakened. slheet ?~~
(211 - .%)”.

= Pku
(Compare equations (2) and (.33)-.) The maximum

is due to the fact that the fiaugiilg as already pointed
out i’s rigid in ‘oer.dingperaendic:~lar to t>-e ~lane of tl.e
sl~eet ‘as cor~pared to the unvea’xeneri sheet, wh.zle being
nore easily dei’orrzable in direction of the plane of the
sheet than the unweakened sheet; i.e., -takes up practical-
ly no shearing stress. The greater the number of flanged
holes in a sheet, the greater is the number of bending
resistant circ”ular surfaces of diameter D; the.higher “i’s

L ——..— . —— ——-- .

,., . . . . . . ,’,-: . . . ..- :“-- ‘.. ,-,
—., ,,.. .—-— . . . .——-. .
-.,,, .-..,,.- .-.-, - ..,, ... : ,.
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the value’ at which the sheet wrinkles perpendicular to its
splane. On the other hand, the sheet which, after all, is
supporting only in the flat portion, is so much higher
stressed as there aye holes. Both effects are contrari-

‘wise, hence the maxzmurn.

The behaviorzwith wide~hole spacing a was not in-
vestigated. With very high a values, that is, few

holess the ~k value should approach the buckling value

of the flat sheet without holes ph (equat ion 2) . Other

extreme values nay appear between these limits, but they
are not very important because t’he holes’ must, for reasons
of weight saving, be spaced as closely as possible. In
‘the following, no importance therefore was attached to the
maximum other than for small a, All values valid for
this maximum carry the subscript o.

OPTIMUM HOLE SPAhING a.

The first signifi.cant .question is, the best hole spac-
ing a. at which the maximum occurs for a given sheeti
thickness s, width b, and diameter 1). It is not necessary
to define a. very accurately because the contiguous P~
values do not vary appreciably from ‘ko maximum when a
deviates a little from ao, owing to the horizontal tan-
gent of the curves ‘k = f(a).

The effect of b on ao. was so little in the ana-
lyzed range as to escape definition. The reason for this
is that the. center strip of the sheet governs the buck-.
ling. But tb.is strip naturally has always the same aspect
for otherwise identical sheets of different width.

The relationship between a. and s is parabolic,
according to table II and figure 12: a. = CL sjao in-

creases, considerably f~ith increasing s for thin sheets,
less for thicker sheet. The reason for this is that the
bending stiffness of the sheet rises perpendicularly to
its plane with s , while the stiffness of the flanging
increases only with s. Admittedly, the stiffening effect
of the flanging is not as great for thicker sheets which
of themselves are already very stiff, so that the holes
must be spaced farther apart than in thinner sheets. The
explanation for the smaller rise of the curve of thicker

.- - - .- .... .
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tih’eetsis t$at, for example, a.O.l nm thickness change
nean”s comparatively less in a thick than in a thin sheet.

The factor a varies in linear relation with D

(table 11 and. fig. 13): a = 68.5-1- 0.8 D. Consequently,

..
.,.

‘..
a. = afi= (68.5 -I-0.8 D)&

,.,...- ........
... a. = 0.8 (D -i-86)6 (4)

‘.Far outside of the investigated range: D = 62 to 82,
s.= 0.4 tO 0.8.mm, b = ’75 to 215 mm, the strictly ex-
‘~erimental equation (4) may become quite defective. l?ur-
thermore, it is valid only so Ior.g as the flanging does
not tout-h the sheet border

D<b (5a)

and the flanging does not overlap:

Dcao= 0.8 (D’+ 86)6
.“

whence ,,

.. D<
86v~..:’

————- (5b)
1..25 - s

..
The last equation (5b) expresses the selection of D,

especially for thin sheet. If it is not complied with
the best value for the %uckling load in shear ‘ko is not

vi%hin the co~structively possible raszge; the holes would
be greater than the spacing; the flangings would run into
each other. l?or t’he thinnest sheet examined., s = 0.4 mm,

86 A./o.4
it is necessary that D < — —————.

1.25- m ‘r D ‘88”5 ‘m

according to .equatio~ (5b), while the dianeter of the
greatest flanges was only D = 82.

,—-——._____
.

--—/ ,,. ~., . —-----<.,.. . .. . .... . - --————— “---”---- ‘- ‘-
,~,’- .-. , ,, $,,
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62

72

82
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———-
1

s

mm
.———— -

0.42

.52’

.615

:1.k I

0.52

.8

~.42

.52

.615

.8

TABLE II

-—–-–-–––-––—+––-–––––
76 { 0.648

85 “ .721

93 I .784

100 ? .894

90 “ , 0 ●’721
i

7 89 I .894

89 0.648

9? .’721

{

100 ~
110.5

.784

I
~

> 106.5

I
.894

-- —.-—————--—.—

a=%
117.5

118

118.5

112 ?

125

> 99.5

13’7.5

134.5 .

{127.5
~J41 -

> 119 “

a=l18”

a= X25

a = 135

BUCKLI~TG LOAD IN SHEAR Pko A~~D lTS p~RTIIf~~T a.

,

When stressing sheets of the examined kind in shear
the best hole spacing a. (equation 4) must be adhered to
if at all possible, to assure high loading without buck-
ling. With this in mind, we did not determine %o for

any hole spacing a, ‘but rather the optimun Pko for

each mair of sheets of L = 1.192 mm with o~timun hole
spaci~g a = a..

l?or equal b = 110 mm and equal D = 62, D = 72,
and D= 82, the Pko = f(s) values lie Oil three

straight lines which intersect in a point with the coor-
dinate s = 0.54 ~ pko = 1,700 kg (fi”g. 14), “ This in-

tersection point shall he the comnon point of all P~o =

f(s) curves for D = constant and b = 110 mm. For s =
0.54 mm the size of D is accordingly immaterial. In all

.- — .. ....- - _________.. . .. . .. ----- -. —.- —. .—-.......-+— —---- ..—.—.. . ...
. .
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sheets of 0.54 mm thickness, p~:o is the same, provided

a.= ao. For

s“< 0.5”4 mm, I) must be small , (6a)
,.. . ... . .

s ‘“?.0..,54mm, IImust be great. (6b)

For thicker, inherently ‘stiff ,sheets, the flangings. must
be :equally ‘stiff; tilai is, be of a certain depth which,
in turn, is con.t.ingent upon large diameters. ‘ .

The st’raight lines through the point [s = 0.54 mm~
p~(j = 1,700 kg] may be expressed with

P~~o = 1700 + /3 (s - 0.54),

wherein ~ depends on D. According to figure 15, it is
~roportional to D. With @ = 95.6 D, the optimum Pko

for sheet of b = 110 mm is:

r’~o = 1700 + 95.6 D (S - 0.54).

The effect of b on Pko was not thoroughly explored
because a few cursory tests proved it to be quite subordi-
nate while on the other hand, an exact elucidation of the
effect of b would have entailed a very great number of
further experiments. The snail effect of b is due to
the fact that the middle strip, weakened by holes, is above
all decisive for the buckling, while the flat-edge strips
are but little effective. It is therefore justified to
assume that-for sheets of different width the behavior rel-
ative to the individual quantities is substantially the
same.

To allow for b the values obtained for b = 110 mm
were given a correction factor dependent only, on b aild
= 1 for b = 110 mm, while

for b< 110 mm, it must be z 1,

“oecause a narrow sheet does not buckle as easily as a wide
one (equation 2). The correction factor f is tabulated
in table III and plotted in figure 160

. . f...
. . ., .. ,“

.“ . ... .. . .. . .

,. .—-.–. -. ~ ~ ——.- ,. ., -— ——-— -—--.— - -----..- -—-—
.,. ”. ,-.. :. :., .:-. .-, -.. .. ’-.,, . . . . .
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3)

mm

62

’72

82

s

mm

0.42

.52

.615

.8

0.42

.52

.8

(),/42

.52

.~~5

.82

a.

mm

7’6

85

92.5

104

81.3

90.’7

111.5

TABLE 111

..-— —— .-
-b=70
mm

1260

1’720

.. —--- —
b=90
mm

1600

~ko
--— —.-
I)=11O
mm

1130

1530

2220

3040

900

1520

3200

~()()o

760

1600

. . —
3=175
mm

1500

Ii

(1000)

i
j 1700
i

3720 \ (1700)
!

b=215
mm

It is seen that the o%tained values may be closely
approximated with a hyperbola of the form of

To define a and @ this formula is writteil as

f%= ab+p,

a linear equation for f b in terms of b. The straight
line is also shown in figure 16”. St gives:

——.-. . . . .. .. ..—..- . .. . . . . . .. —-. . . . . . .. . .. . . . . . . . -_. . ----- . . .
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j3=.25.6

whence” .. ““ . .

‘As the value for any b“ is to be f tines as high as
the ,pko ;Value ‘fcir b = 110 mm, we find for any width b

..’

P~o ~“35c6: ,(0A03 +,$) [1’700 -t-9596 D’(S - 0.54)1 f
. . .

~This valwe’a~plies to a-yair of sheets of L = 1192
lam. The Inzckling load in shear

‘ko
%eing; according to

figur’e 12, ropor%iozz+l to L,
7)

it is for L = 1 nn,, ac-
cordihg to 3C :

. .
P “, ‘ko PlKo

>~:~ = :&: = -—— ——- ;= —-— .
2 X 1192. ,,2384

This fornula, written in the preceding equation, gives L
the optimun pko value:

For sheet with Youngls modulus .E not abnormally at
v“ariance with . 3!= 7,500 kg/nm2, the ohtainetl ~. value

for E = 7“,500 kg/mna . must be nulti~lied by”the correc-
tion factor E//750O.: ,..’,.. .. .

Pko = ~:;6 x 1.03 @~+ $) ~17.8 + D (S - 0.54)1
.. .... .. .“.

%o = 1.36 X 10-4
(

,;j ~17.8 + D (S - 0.54)1 (7)E 0003 + -
“-.-

.
This is on the pre~ise that t~e bucl~ling load in

shear Pko ‘ gi~e~’”tfl (7) ~S’’~eache& “in ke/wl sheet’ l’en~th;
t-hat (4) is complied with, or in other words, that the op-
timum hole spacing a =.ao has been chosen. As equation
(4) , so can (7) “~ecome very defective ,outside, of the range
investigated; t.e., ou,t:sideof D.,=’62 t,o 82,, d = 0.4 to
0.8 mm, i)= 7’5 to 215 mm, bd-cause”the formula merely repre-

.

j J

.—— ———.—- v ~ —.<- -————
,,. ... ,”., . .,,. ..,...

—---- . . . .

. . . . .

. . - “--- , . ‘.
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sents an, approximation formula .f.rom the obtained experi-
mental Valu-es-, ,...

TO show the accord of the optirnun values of (?) with
the e.xperimerital results, we computed Pko = 2 L pko with

(3c) and (7) , and included it in takle 1, together with
the pertinent a. value.

. .
i.

~Admittedly, in airplane design a sin&le”sheet ~hall
never be so high.ly stressed as still alloi~ed according to
(7).’” Buckling gene=rally”occurs under lower shear’’stresses
for .various-reasons. One thing is certain, however, and
that. is that it would serve no useful purpose to detorm.ine

Pko pore accurately than in the present experiments, be-

cause actual buckling occurs quite frequently at loads
which are from 20 to 40 percent lower than the theoretical

pko value.

RliLATIVE DISPLACEMENT SZ

,..
Lastly, -we determine the displacement of the non-

buckled sheet. The shearing force P and the displace-
ment v give the displacement of the sheets per 1 kg of
tension at &L = @?i or with the values at buckling,

pk and v~ (table 1) , &L = v~/P~. I’or sheets of length

L= 1192 mm (standard length), the subscript’ L is omitted
on 8L. For these; we have:

The effect of flanging depth, which may be varied as
known, by means of the hole diameter d (fig. 6), is sub-
ordinate. .In a sheet having the dimensions:

L = 1,690 mm, b = 110 mm, s = 0.515 mm

D = 72 ‘1 a = 90 ‘1 r = 80 lr

(sheets 43 to 45) , 8L ranged between 127 and 133 mm when
d rose from 62.5 io 6b.45 and the flanging depth
-~0.5 (D - d) dropped from -4.9 to w3*275 mm.

... . .. . . .. . . . . . . .. .. —- . ------ 4-.— . ..—. - -. — .— - ,
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Yhe explanat ion for this minor effect is that the
fl%”&ge~ ho~e compared to the full s~eet is easily deforma-
ble in direction of the plane of the sheet. (lTote the -
weqkness of the flanged hole compared .to the sheet, in
fi<g. 9.) .The displacement is almost exclu,s.ively governed
“%y“-theflat portion of the sheet. .0

. .:, ..-’;
Since the displacement v of a smooth sheet is in-

versely proportional to the thickness s.,namely, ,v = ‘

l?’% “ ““ ;-–—— ..~e~tiation 1) ,
,.....

G L S’.
8 also must be inversely proportion- ‘

al to’ s ‘for smooth, full (uriweakened.) sheets. But ac- ‘
co”rding””t’ot%e tests on sheets hith flanged holes 6 was
.no’tin+erse-ly-p-roportional to s but needed, in addition,
an- e.xpohen’t“’p: .

:.;.:
..,”’”-. ... 8

‘ $“

Plotted in logarithmic coordinates (fig. 17), we have

P = 1.2 for each investigated “o, D, a-rida, with a, of
course, depending upon these three quantities. To det r-
mine a we multiplied the obtained P8 values with s :

a= ~ sp=~ S1”2*

For the determination of the influence of a on a,
the space between the flanging (a - D) is of prine im-
portance. The greater the effective inter-space, the less
is the displacement. The supposedly inverse proportional-
ity (a - D? fails to materialize; on the contrary
rmst be augncntcd by an exponent y:

e
a —-—— —

= (a- D)”/

The logarithmic graph (fig. 18) gives y = 0.75; c
yet dependent on b aad 1). It cay be defined from

c =ct(a- ~)’Y = Cl (a - Il)007s

According to figure 19, c rises linearly with b.
the intersection of tk-e straig-ht linss for D = 62

(a- D)

is as

With
and

D = 82, a:id the coordinates ~ = 310 mm.and., G = 1230, as
the CORE1OI1intersection point of ali straight lines II.=
constant, the equations for’ ‘“c I)ccoile

L———. , —.,..,, ..- -— ,-— .—— —
.

.__-_—. ._.— ..—..—.
-. ’.... .,-. a.. .:. , . . ... .... .,. ! !, ,’ .$,.-:-.”--” ,.
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\

c = 1230 -h(310 -’b)”

with only ~ dependent on D.

The linear course of ‘z= f(b) and. thereby of 6 =
f (b] is “due to the fact that for identical load the mid-
dle strip on otherwise identical sheets of different ‘
wiaths suffers ap~roximately the sa~e tleformation anti that
the two flat-cage str:.ps.are augmented by, a &isplacement
prpp.ortional to the width of these etlg”estrips. Logically,
the whole displacement then increases .in linear relation
with ‘b. ..

From the slope ~ of the straight lin~ C in figure”
19, we assume it to change linearly with respect to D.
Then figure’20 gives k = 8’.35 - 0.081 i).

The insertion of the obtained values a, ~, y, c, ana
?L yields: . . .

Loading the sheets in l’kg/mm of” sheet length over
2L = 2 x 1192 = 2384 ”inminsteaa of in 1 kg gives the rela-
tive displacement 61, which is 2L times as”higli as &.

81 = 2L 8 = 2384 8, when 6 is measured in mm/kg., and

result then is: ~

1230.——— .
0.081 (

(310 - b) ~}o~ - D)
= 2384 X 10-G X 0.081 X81 , -———-.———.———.———.————————

O*75 1-2
a- D s ,

8X = 1.89 X 10-4X
15200 - (310 - b) (10’3 - D)————- ————————_———————— -—.-—— (8)

(a,- D)0”75 SI.2

To prove the agreement between the values obtained
from (8) and the experimental Ciata, ta-~le 1 shows the ob-
tainea 61 values together with the computeii value. E qua-
tion (8) is %ased upon strictly experimental findings,
hence its validity is assured. for only the range investi-
gated.

.. . . . . . .— --- . .. . .. . ------ --—— -.-..-— ----- . . ..
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.; ..-. . .. .. .
..

In order to deter~ine the “s~itabllity of flariged or
plain holes as well as any eventual- ben’eflt accruing from
‘stich--f”Xaqging,we investigated a ‘sheet with’and without :
faiange~tmholes (~able 1, sheet No. ””73). The nonflaqged ”-’ ‘

~~‘shee$ collapse! under a shearing foqce of .pk =“7’20 -kg;” !
tli~mco’rres~onding ‘displacefient ‘amounted to’-‘~ = 3Q @*..::,

With flanged edge of D = 52 the buckling load rose id’ ‘“
1~240 kg, ~o~-’72percent. Admittedly, ~ likewise rose to
-“.: “ .:

45.:, t~ai is, .32.5 percent. With still greater .hole~ .: “. .
but-otherwise identical sheets: d = 62;2 (tabZe I, sheet
No, 45) which, without flarigi~g, must naturally have still
lower %uckZing valties than skeet .No. 73, a lnzckling load
of P~ = 2,300 kg was obtained; of course, 6 = 130 ,

!
that is, markedly higher. This s@uZd be a definite proof
of the value o“f’flanging to raise’ the buckling load iii
shear. The greater aelati~e dis~lacement & of the
flanged versus the unflanged sheet is due tO the fact that
the:flatrpo~tio~l:w~tch .a~~,er~all takesi,,up the great,er
..part:oftho sheayiag:.$orces, .become.s smaller. because offil
the.flang.ing. ,. .,
. ./ -... . .-. ‘.. . ,

. . .,..-
Lastly, me inves~igated se~eral full sheets {without

holes) and compared the obta~ned buckling load with South-
well and SkanJs data (ref&kence 6). The agreement is
close according to table I;-.sheets Nos.. 74:.to 7?. Tile con-
clusion that the accord between the theoretical and exper-
imental values for flanged sheets is closej is therefore
justified.

In order to determine whether and to what extents
flanged sheet is more resistant to btickling than a smooth,
full sheet, we included in table 1, aside from (eq,ua-
tion 4) aatl .pko (equation 7) the ph -value ofa!he full

sheet (equation 2). It w~s found that/-$~rticularly.thin,
wide sheets which tiithou$ koles have a very low buckling
load in shear pm, the stiffening in~luence of flanged
holes.res-ilts in-a many times greater pw; while in thick-.. .. ... . . .
er; mlrrowed.. slieets, inherently very resistant ,tolbending,
$h.~ higher stress due to reduction ia effective, “fl~t.~6ur-
facel-..it.r~sults.-in~~eakenl-ng’g “ Admittedly, it is necessa-
ry.to”.:decide in eachi,individual case, whether stiffening ‘or
weakening occurs hy a comparison of P~zo with -pWo: ....

.- -,-. P-—T— —.— —---
.. ..- ..k, ,, . . , . . . . . . . . . ,. ,.

-. -.’.-’ . . ..... . . . ;. !... .. . . . . ., ...,:
. .
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Figure l.-
Bu&3ing
in shear
on a
flat
sheet.

Figure 3.-
l?langed
sheet.
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Figure 9.-
Sheet
distorted
in shear
showing
torn
flanging.
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